We report on a combined theoretical and experimental determination of the Fermi 
I. INTRODUCTION
According to early theoretical work 1 , the dilute magnetic semiconductor (DMS) Ga 1−x Mn x N is supposed to be a ferromagnetic material with a high Curie temperature T C . The question whether or not this description is correct has been adressed both from an experimental as well theoretical point of view by various authors [2] [3] [4] [5] and it appears that ferromagnetic order above room temperature does not occur in samples without a large amount of impurity clusters: Recent reports 6,7 about Ga 1−x Mn x N layers deposited by metal-organic vaporphase epitaxy (MOVPE) with Mn concentrations x ranging from 0.5% up to 3.1% indicate a homogeneous incorporation of impurities on Ga-sites in combination with an electronic configuration of 3d 4 for the Mn ions. The reported critical temperature is low with T C ≈ 1.8
K for x ≈ 3.1% and the mechanism leading to collective magnetic order was attributed to ferromagnetic superexchange while the samples also are highly resistive. On the other hand Kunert et al. whereas LSDA alone leads to a semimetal. In addition, ab initio approaches are limited by the supercell size for the simulation of disorder effects in real-space.
In this work an empirical tight-binding approach based on the effective-bond-orbital model (EBOM) of the III-V wurtzite nitride material system 10 is chosen in order to calculate the electronic and transport properties of the DMS Ga 1−x Mn x N. and Fermi-Level position of Ga 1−x Mn x N.
The paper is structured as follows: First, the experimental setup for the ellipsometric characterization is explained, followed by a description of the applied theoretical approaches.
Then the experimentally determined optical constants between 200 nm and 12400 nm of Ga 1−x Mn x N layers with x = 4% and x = 10% and corresponding theoretical results for x = 10% of the real part of the AC-conductivity, DOS and Fermi level are discussed. The paper concludes with a summary of the main results.
II. EXPERIMENT A. Ellipsometric setup
Spectroscopic ellipsometer (SE) measurements were performed in order to obtain the thickness, real and imaginary part of the complex refraction index (n, κ) on a broad spectral range, using Woollam Co., Inc. equipment composed of a rotating-analyzer VASE ellipsometer for UV-VIS-NIR range and a rotating-compensator infrared spectroscopic ellipsometer for IR spectral range (IR-SE). Measurements have been performed at room temperature, using the 60 • incidence angle for both spectral ranges, 2 nm wavelength step in UV-VIS-NIR range and 8 cm combination with the Simple Gradient Index model was used. The roughness layer was described with the Effective Medium Approximation Model 15 considering 50% voids and 50% GaMnN. The best match between the experimental and modeled data was achieved through a least-square-regression analysis. From the best fit, the thickness and optical constants of Ga 1−x Mn x N layers were determined. The real part of the frequency dependent conductivity with ω as the photon energy is then given by (we set = 1 throughout this paper):
B. Results
The experimental results for the real part of the frequency-dependent conductivity σ shoulder with its onset at ∼ 2 eV (not shown).
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III. THEORY A. Electronic Model
In order to model the electronic properties of the dilute magnetic semiconductor Ga 1−x Mn x N with x = 10% the following multiband V-J model Hamiltonian 11,12 is used:
Its first term corresponds to the tight-binding description of the electronic properties of the host material GaN with the hopping matrix-elements t The second and third term incorporate the modification due to the presence of randomly placed Mn impurities on the lattice: The variable p i takes the value 1 with propability x and 0 with 1 − x, respectively, for each site i in each different random configuration.
While the on-site impurity potentials V αα are treated as free parameters to empirically adjust the energetic position of the impurity bands andn iασ is the occupation operator, the local exchange constants J αd couple impurity spinsŜ i to carrier spinsŝ i,α of the system as described by the Zener sp/d-model. In particular, the d electrons are assumed to be inner core electrons here and the use of a local contact interaction between the spin degrees of freedom corresponds to the most simple approach, see e.g. Refs. 23 and 24 for model extensions.
Due to the symmetry of the Ga-sublattice the on-site impurity potentials are anisotropic:
In accordance with the experiment, we assume the presence of a ferromagnetic solution for T = 0 K and approximate the spin-spin interaction term witĥ
This resembles a mean-field approximation by neglecting spin-flip scattering and using the fully spin-polarized ground state for T = 0 K.
Furthermore, the off-diagonal hopping matrix elements for the Mn impurities (corresponding to inter-site impurity potentials) must be modified as well, as the simulations are carried out for a rather large concentration of impurities with x = 10%. This is achieved by introducing an additional scalar parameter γ for the Mn-related hopping matrix elements which then tunes the bandwidth of possible Mn impurity bands. There are three different kinds of hopping matrix elements between GaN or MnN unit cells possible (the spin-index σ has been suppressed for clarity):
At the GaN-MnN interface an arithmetically averaged hopping matrix element according to 
B. Transport Properties
The real part of the frequency-dependent conductivity (optical conductivity) is evaluated in linear response theory according to the standard expression for the diagonal matrixelements of a noninteracting system:
Here, {|n } is a complete set of eigenstates of the unperturbed HamiltonianĤ, f (E) is the Fermi function, V the system volume and E n = ω n are eigenenergies. The explicit expression for the current-operatorĵ ξ in our multiband EBOM is given by:
In this equation i is the imaginary unit, e 0 the elementary charge, m the electron mass, R m a lattice site and ξ denotes the corresponding vectorial component. This equation can be derived from the fundamental commutator relation for a single-particle HamiltonianĤ and
in combination with the envelope approximation for the spatial operatorr:
Consequently, microscopic contributions within the unit-cell are neglected in this current operator, see e.g. Ref. 27 and references therein.
C. Kernel polynomial method
The numerical calculations in this paper were carried out using the kernel polynomial method (KPM) 13, 28 . This approach allows for a direct calculation of the density of states of the system or traces over products of matrix elements of operators without exact diagonalization of the HamiltonianĤ. The KPM uses a series expansion ofĤ in Chebyshev polynomials T n (Ĥ) of order n. As described in detail in Refs. 13 and 28, the desired properties are then obtained fromĤ by means of recursion relations when the expansion coefficients µ n are systematically restricted up to a finite order. In this work, the Jackson kernel is used which corresponds to a Gaussian representation of the spectral densities'
peaks. The broadening is analytically dependent on the order of the expansion. The choice of the order n of the expansion depends on the purpose, e.g. resolving each spectral peak in the DOS as opposed to a smooth function. In the present paper the more complicated case of a two-dimensional expansion is required for the evaluation of the real part of the frequency-dependent conductivity. According to the work of Weisse et al 13, 28 , the following function (which may be interpreted as a matrix element density) is defined,
which can be directly calculated within the two-dimensional KPM. Then, the real part of the frequency-dependent conductivity is given by a double integration for various Fermi levels of interest:
The δ-function is numerically approximated by a Lorentzian with uniform broadening, which is chosen to be approximately double the mean energy spacing in the conductivity calculations.
D. Results
When In Fig.3 the trace over the diagonal matrix elements of the real part of the frequencydependent conductivity is depicted in a logarithmic plot as a function of the photon energy ω and the Fermi level E F . Additionally, we have visualized some manually selected curves for fixed Fermi levels in Fig.4 . The disorder average was taken over 10 random configurations and we used 2048 moments in the KPM expansion, as these calculations are numerically more demanding. We expect this choice to be sufficient for qualitative statements, but a finite-size analysis will be necessary if one is interested in extrapolating the zero-frequency limit 28 . This goes beyond the scope of the present study.
In Fig.3 and Fig.4 , we can easily identify a steep slope around 4 eV for positive Fermi energies E F , the experimentally observed shoulder for E F ≥ 0.6 eV (starting at ω ≈ 1. If we now turn the attention to the low-energy regime of ω ≤ 0.8 eV, the theoretical results predict the following features: If the Fermi level falls energetically into the upper impurity band with ∼ 1.6 eV ≤ E F ≤ 1.9 eV, a peak structure for ω < 0.5 eV should appear. For a position in the lower impurity band with E F ≈ 0.6 eV in addition to the former case, a second peak at about ω ≈ 0.75 eV is predicted. In comparison to the ellipsometric measurements for ω ≤ 0.8 eV, which show the absence of any significant peak structure, we conclude that the Fermi level E F lies in the band gap between the two Mn-related impurity bands. This finding based on the present model study is in agreement with first-principle calculations of Virot et al. 9 which include electron correlations within LSDA+U and with experimental results for samples in the low concentration regime of x ≈ 3.1% that show highly resistive behaviour up to 300 K.
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As the used EBOM is discretized on the hexagonal Bravais lattice in contrast to the Their experimental absence indicates a Fermi level position in the impurity band gap of about 0.74 eV, which strongly indicates resistive behaviour for large wavelengths. Even for these rather large Mn concentrations, the samples appear to be insulating. The fact that the material is ferromagnetic indicates that the model as used in this paper alone (in combination with our approximations) is probably not sufficient to describe the transport properties and the magnetism simultaneously. Therefore, an improved theoretical model is necessary to calculate the Heisenberg exchange integrals and the magnetic properties.
Nevertheless, these results help to understand the origin of the insulating behaviour of the
